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Abstract 

We present a supersymmetric composite model with dynamical supersym¬ 
metry breaking. The model is based on the gauge group SU{2)s x SU{2)h x 
SU{3)c X SU{2)l X U{1)y- Supersymmetry is dynamically broken by the 
non-perturbative effect of the SU{2)s ‘supercolor’ interaction. The large top 
Yukawa coupling is naturally generated by the SU{2)h ‘hypercolor’ inter¬ 
action as recently proposed by Nelson and Strassler. The supersymmetry 
breaking is mediated to the standard model sector by a new mechanism. The 
electroweak symmetry breaking is caused by the radiative correction due to 
the large top Yukawa coupling with the supersymmetry breaking. This is 
the ‘radiative breaking scenario’, which originates from the dynamics of the 
supercolor and hypercolor gauge interactions. 
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I. INTRODUCTION 


In most of the supersymmetric models, if supersymmetry is broken, the electroweak sym¬ 
metry breaking is caused by the radiative correction due to the large top Yukawa coupling. 
This mechanism is known as the ‘radiative breaking scenario’ [Q. However, to understand 
the scenario completely, we should investigate two subjects. One is a mechanism of the 
supersymmetry breaking, and the other is a natural explanation of the large top Yukawa 
coupling. 

The method proposed by Seiberg et ah [Q is remarkable, when we consider the dynami¬ 
cal supersymmetry breaking in (N=l) supersymmetric gauge theories. By the method, we 
can evaluate the non-perturbative effect of a strong gauge interaction and exactly deter¬ 
mine the dynamically generated superpotential. There are many models [2-5] in which the 
supersymmetry is broken by the non-perturbative effect of the strong gauge interaction. 

On the other hand, the supersymmetric composite model recently proposed by Nelson 
and Strassler 0 is remarkable to understand the large top Yukawa coupling. They introduce 
the SU (2) gauge interaction with six doublet superhelds, the ‘preon’ superhelds. There 
is SU{6) X U{1)r global symmetry. The SU{5) subgroup is gauged, and identihed with 
SU{5) D Gsm, where Gsm = SU{3)c x SU{2)i x f/(l)y is the gauge group of the standard 
model. Then, the hve doublet superhelds transform as 5 of the SU{5), and the last one is 
singlet. Below the dynamical scale of the SU{2) gauge interaction, the preon superhelds are 
conhned into the superhelds of 5 and 10 of SU{5), which are identihed with the up-type 
Higgs and the ten dimensional superhelds in the conventional supersymmetric SU{5) GUT 
framework. The top Yukawa coupling is dynamically generated by the non-perturbative 
ehect of the SU{2) gauge interaction, and it can be understood as the exchange of the preon 
superhelds in microscopical point of view. Therefore, the top Yukawa coupling is naturally 
expected as 0(1). 

In this paper, we present a supersymmetric composite model with dynamical supersym¬ 
metry breaking. The model is based on the gauge group SU{2)s x SU{2)h x Gsm- We 
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assume that dynamical scales of these gauge interaction are ordered as As 3> Ah 3> Eew, 
where As and Ah are the dynamical scale of the SU{2)s and SU{2)h gauge interactions, 
respectively, and Few is the scale of the electroweak symmetry breaking. It is useful to 
separate the model into three building blocks by these energy scales, namely, the dynamical 
supersymmetry breaking sector, the preon sector proposed by Nelson and Strassler, and the 
standard model sector. 

The dynamical supersymmetry breaking sector is based on the SU ( 2)5 ‘supercolor’ gauge 
group with four doublet and eight singlet superhelds. There is SP{2) x U{1)r global symme¬ 
try. The SU{2) subgroup is gauged, which is identihed with SU{2)h- Therefore, there are 
some SU{2)h doublet superhelds in this sector. The supersymmetry is dynamically broken 
at the scale A 5 by the non-perturbative effect of the supercolor interaction. In addition, 
the U{1)h symmetry is broken by the effective Kahler potential generated by the Yukawa 
coupling in the superpotential. Both the scalar and fermion helds in the SU{2)h doublet 
superhelds get their masses due to the breaking of the supersymmetry and U{1)h symmetry. 

The preon sector is based on the SU{2)h ‘hypercolor’ gauge group with six doublet 
preon superhelds as proposed by Nelson and Strassler. The large top Yukawa coupling 
is naturally generated by the non-perturbative ehect of the hypercolor gauge interaction. 
Since we focus on the relation among the dynamical supersymmetry breaking, the large top 
Yukawa coupling and the electroweak symmetry breaking, we concentrate only on the third 
generation. Therefore, our model is a ‘toy model’, but it is possible to include the last two 
generations as the elementary particles. 

The supersymmetry breaking is mediated to the preon sector and the standard model 
sector through the SU{2)h x Gsm gauge interaction. The hypercolor gaugino and the scalar 
preons get the soft breaking masses though radiative corrections by the SU{2)h doublet 
helds in the dynamical supersymmetry breaking sector. Here, the doublet helds play a role 
of the ‘messenger helds’ p|. Scalar helds composed by scalar preons in the standard model 
get masses, because of the masses of the scalar preons. Once the hypercolor gaugino and 
scalar preons become massive, the standard model gauginos get masses through the radiative 
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correction, since the preon snperfields have both charges of the SU{2)h and Gsm- Here, the 
preon and scalar preon helds, which are the SU{2)h doublet helds in the preon sector, also 
play a role of the ‘messenger helds’. This is a new mechanism to give the standard model 
gauginos the soft breaking masses. At low energy where the preon superhelds are conhned, 
the mechanism can be understood as the mixing between the gauginos and the composite 
fermions in adjoint representation. 

The electroweak symmetry is broken by the effect of the large top Yukawa coupling as 
same as the radiative breaking scenario. It must be noticed that the breaking is triggered 
by the dynamics of SU{2)s x SU{2)h gauge interaction, since both the supersymmetry 
breaking and large Yukawa coupling owe their origin to the dynamics. 

In section ||, we introduce the preon sector which is recently proposed by Nelson and 


Strassler. In section |T|, the dynamical supersymmetry breaking sector is constructed. In 
section |V|, we discuss the mediation of the supersymmetry breaking to low energy. In 
section |^, the standard model sector is discussed with an emphasis on the spectrum of 
the mediated soft breaking masses. In section 0 we show that the electroweak symmetry 
breaking really occurs in our model by including the effect of the large top Yukawa coupling. 
In section lYg. the proton decay caused by the colored Higgs in our model is discussed. 


and we show that there is no contradiction with the experiment. In section [VHI|, we briefly 
discuss the R-axion problem in our model and give an example of the solution. In section 


rx| , we summarize our model and comment on the extension of the model to include the hrst 
and second generations. 


II. THE PREON SECTOR 

In this section we construct the preon sector which is based on the model recently pro¬ 
posed by Nelson and Strassler 0. Only the third generation is considered as mentioned 
above. We introduce the SU{2)h hypercolor gauge group with the six doublet preon super¬ 
fields. The maximal non-anomalous global symmetry of this sector is SU{6) x and 
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the subgroup SU{5) D Gsm is gauged, where Gsm = SU{3)c x SU{2)l x U{1)y is nothing 
but the gauge group of the standard model. The preon superhelds P and N transform under 
SU(2)h X SU{5) as follows. 

SU{2)h SU{5) 

P 2 5 

N 2 1 

It is convenient to decompose the preon superheld P as P = {d h), where d and h transform 
as (3, 1 , —1/3) and (1, 2,1 /2), respectively, under the standard model gauge group Gsm- 
In addition, we introduce two elementary superhelds <I>i and $ 2 , both of which are in 
5* representation of the SU{5). The held <I>i = (bi) represents the superhelds of the anti¬ 
bottom quark and the lepton doublet i = {t —Vt)-, and < 1)2 is corresponds to the down-type 
Higgs superheld <|)2 = {D H) with D = (3*, 1, 1/3) and H = (1, 2, —1/2). 

At high energy where the hypercolor interaction is weak, the superpotential is generally 
given by (including dimension 4 operators) 

W = + r]DDldN] 

+ ^Hldh]b + ^TTlhh]e, ( 1 ) 

where square brackets denote the contraction of the SU{2)h index by the e-tensor, and M;, 
and Mg are parameters with dimension one. Although the third and fourth terms in eq.(p 
are needed to generate the bottom and tan Yukawa couplings, we neglect these terms in the 
following, and consider only the top Yukawa coupling. 

Below the scale Ah where the SU{2)h interaction becomes strong, this theory is described 
by the massless SU{2)h singlet effective superhelds Mij, where i and j are havor indices. 
The effective superheld is the 15-component antisymmetric tensor given by 



fY 


^ [dd] [dh] [dY] ^ 


M = 

h 

[dhN]^^ 

[hd] [hh] [hN] 

(2) 



OL 

^[iVd] [Nh] 0 ^ 
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where a and j3 are the SU{2)h indices. This tensor is decomposed as 5 + 10 of SU{5). 


^ [dN] ^ 
V [hN] ^ 


10 ; 


[dd] [dh] 

^ [hd] [hh] ^ 


( 3 ) 


Here, the snperheld in 5 representation can be identihed with the np-type Higgs snperheld 
{[dN] [hN]) ~ Ah{D H), where D = (3,1, —1/3) and H = (1, 2,1/2). The components of 
the snperheld in 10 representation are also identihed as [dd] ~ Afjt, [dh] ~ b) = Afjq, 
and [hh] ~ A^f, respectively. 

The dynamically generated snperpotential is exactly given by 


= - APf(V) = 


/^From eqs.dH) and (||), the total ehective snperpotential is given by 


( 4 ) 


Weff = aHqt + jSqqD + 'ytDr 
+ fiHH + UdDD . 


( 5 ) 


Note that a~/d~7~0 (l)is natnrally expected, since it can be nnderstood that these 
Ynkawa conplings are constructed by the exchange of the preon superhelds. The hrst term 
in eq.(^ is nothing but the top Yukawa coupling, which is naturally large. The fourth and 
hfth terms are the p-terms of the SU{2)l doublet and the color triplet Higgs superhelds, 
respectively, where /i ~ AhT], and {Id AhVd from eq.(|g). 

Note that this composite model is the only one which satisfy the following three require¬ 
ments. The hrst is that the model is based on the gauge group SU{N) with vector-like 
Nf matter helds in the fundamental representation. The second is that there is only the 
‘mesonic’ ehective superhelds but not the ‘baryonic’ one. The third is that the Yukawa 
coupling has to be dynamically generated. These can be satished only ii Nf = N + 1 and 
N = 2. 
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III. THE DYNAMICAL SUPERSYMMETRY BREAKING SECTOR 


In order for the supersymmetric composite model discussed in the previous section to be 
realistic, the supersymmetry should be broken. We construct the dynamical supersymmetry 
breaking sector in this section. 

It is recently pointed out that the theory of the SU{2) gauge interaction with four doublet 
and six singlet superhelds breaks supersymmetry by the non-perturbative effect of the gauge 
interaction [^]. The dynamical supersymmetry breaking sector in our model has the same 
structure as the theory. 

This sector is based on the SU{2)s supercolor gauge group with four doublet and eight 
singlet superhelds. The maximal non-anomalous global symmetry of this sector is SP{2) x 
mR- The SU{2) subgroup of SP{2) is gauged, and identihed with the hypercolor gauge 
group SU{2)h. Note that we treat the hypercolor interaction as weak in the discussion of 
the dynamical symmetry breaking, because of the assumption A 5 S> Aj:^. 

The particle contents are as follows. 

SU{2)s SU{2 )h U{1)r 

Q 2 2 0 

Qi 2 10 

Q 2 2 10 

Z 1 12 

Z' 1 12 

Zi 1 2 2 

Z 2 1 2 2 

XI 10 

VI 12 

The tree level superpotential is introduced as 

Wtree = A tT[ZV] + AXyZV + XzZX^ + XyVX^ , (6) 
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where Z and V are the antisymmetric 4x4 matrices dehned by 


Z = 


and 


i/ = 



0 

z + z' 

Zi" 

Z2" 

-(Z + Z') 

0 

Zi^ 

Z2' 

— 

Zi' 

-Zi^ 

0 

z-z 

— 

Z 2 ^ 

-Zs' 

- (Z - Z') 

0 

(q] 





Qi 

(q Q 

4)^ 




a 




0 


H + H' 

Hi 

Hi 

-(H + H') 

0 

H2 

H2 

-Hi 

-H2 

0 

h-H 

-Hi 

-H2 

-(h-H) 

0 


(7) 


( 8 ) 


respectively. Here, a = 1,2 of and Via (i = 1,2) is the SU{2)h index, and a and (5 
are the SU{2)s indices. The held Z is in the reducible representation 1 + 5 of SP{2): Z is 
singlet, and Z' and Zi are in 5. This is the same for the held V. Note that eq.(^) is the 
general superpotential which possesses the SP{2) x U{1)r global symmetry. 

Below the scale As where the supercolor interaction becomes strong, this sector is de¬ 
scribed by the ehective superheld V. The dynamically generated superpotential is exactly 
given by 


Wdyn = 4l(PfH - As") 

= A(V^ - V'^ - [Hi H] - As") , (9) 

where A is the Lagrange multiplier superheld, and the square brackets denote the contraction 
of the SU{2)h indices with the e-tensor. The total ehective superpotential is given by 
hhe// khtree T kLdi/n- 

8 








In the analysis of the vacuum, eq.(|D is regarded as a constraint, Pfl/ — = 0. By this 

constraint one superheld should be eliminated from W^ff. We eliminate the SP{2) singlet 
superheld V from W^ff by the constraint, since it is expected that the vacuum is realized 
with the largest global symmetry. Then, the effective superpotential is rewritten by 

Weff = - 4(A - Av) Z + [lA 1 / 2 ] 

- A {4ZV' + 2 [Zi W] + 2 [Z 2 V 2 ]} + XzZX^ + XyYX^ , ( 10 ) 

where the ambiguity of the sign in front of the square root is absorbed by the U{1)r phase 
rotation. By factoring out A 5 to normalize the dimension of the effective superfields, and 
expanding the square root, we obtain 

Weff ~ - 4(A - Xv) z |a 5 ' + 14]} 

- AAs (iZ'v' + 2 [Zi lA] + 2 [Z 2 14]} + AzZX^ + AyFX^ . ( 11 ) 

This effective superpotential is one of the type of O’Raifeartaigh models |0, and five super- 
symmetric vacuum conditions, dWeff/dZ = 0 , dWeff/dZ' = 0 , dWeff/dZi = 0 (i = 1 , 2 ) 
and dWeff/dY = 0 , cannot be satisfied simultaneously. As a result, the supersymmetry is 
broken. 

Note that the effective potential has the ‘pseudo-flat direction’ as O’Raifeartaigh models 
have. For example, the vacuum energy remains minimum along the direction of arbitrary 
vacuum expectation value {Z) Q , when the other fields have no vacuum expectation val¬ 
ues. However, this flatness will disappear, if the quantum correction to the Kahler potential 
is considered. The effective Kahler potential at low energy cannot be reliably evaluated, 
because of the strong supercolor interaction. Therefore, at the high energy where the su¬ 
percolor is weak and negligible, we evaluate it by considering only the Yukawa couplings in 
the tree level superpotential. Note that the superheld Z couples to the massless superheld 
X in eq. (||) . 

^ We use the same notation for the superheld itself and the scalar component of the superheld. 
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In the non-supersymmetric massless theory, it is well known that the infrared diver¬ 
gence appears in the loop correction of the massless held. Although the infrared divergence 
disappears with summing up the 1-loop diagrams, the potential with the 1-loop correction 
becomes singular at the point {(f)) =0, as a result. The problem of the infrared divergence 
or the singularity at the origin is solved by the fact that the non-zero vacuum expectation 
value (0) 7^ 0 emerges in the effective potential. This mechanism is pointed out by Coleman 
and Weinberg ^j. 

When the effective Kahler potential of the superheld Z is evaluated by considering the 
loop correction of the massless superheld X, we encounter the same situation with the in¬ 
frared divergence, since the superheld is treated as the boson held in the supergraph method 
ip. Unfortunately, the 1-loop ehective Kahler potential is not reliable (see Appendix). How¬ 
ever, we can expect that the ehective Kahler potential of Z is non-trivial, and the minimum 
of the ehective potential is realized at the point (Z) 0 0 , according to the mechanism of 

Coleman and Weinberg. This discussion is also applied to the ehective Kahler potential of 
the superheld K, and (K) 0 is also expected. 

In the following, we assume that Kahler potentials of all the helds except for Z and Y are 
naive, and their scalar components have no vacuum expectation values. By this assumption, 
the vacuum energy is given by 



( 12 ) 


where Kz is the non-trivial Kahler potential of the superheld Z. The supersymmetry is 
broken by the SU (2)5 supercolor gauge dynamics, unless the denominator becomes singular. 


^ The possibility that the scalar component of Z has a large vacuum expectation value without 


the additional Yukawa coupling \z is pointed out by Shirman |10|. If it is true, we can start a more 


simple SP{2) x U{1)r symmetric superpotential, Wtree = A ii[ZV] pAXyZY, without introducing 
the superfields X and Y. 
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IV. THE MEDIATION OF SUPERSYMMETRY BREAKING 


In this section, we investigate the mediation of the supersymmetry breaking. The break¬ 
ing is mediated to the preon sector and the standard model sector by the radiative corrections 
due to the SU{2)h and Gsm charged particles. The SU{2)h doublet helds play the role of 
the ‘messenger helds’ |^. 

Let us consider the mass spectrum of the SU{2)h doublet helds from the superpotential 
of eq. O- These are given by 


Cmass = -{m^ + m'2)(UiVi + U2V2) - F [Ui U2] + h.c. 

- m'^ZlZi + 4^2) - mm{ZlV2 + Z^Vi) + h.c. 

- m V’v'i] + [V’Zz ^’^2]) + h.c. , 


where 


F = 8 (A - Av')^A 



m = 2(A — \v){Z) , 


d 

d{Z^Z) 



dKz \ 
d{Z^Z) j 


5 

Z={Z) 


m = 2 AA 5 ' . 


(13) 


(14) 


We can regard F, m and m as three independent free parameters instead of the four 
independent free parameters A, Ay, \z and A 5 in the following Q . Note that the SU{2)h 
doublet superhelds Zi and Vi {i = 1 , 2 ) should be decoupled at the energy scale of Kh, in 
order for the mechanism by Nelson and Strassler really to works. This fact demands to take 
Af,<F, m?, and rri‘^. In the following discussion, we set m <^m and F -C and treat 
the SU{2)h coupling perturbativly. 

The hypercolor gaugino gets its soft breaking mass through the 1-loop diagram in Fig.l. 
It is given by 


^ Note that the Kahler potential Kz and the vacuum expectation value (Z) are determined by 
the coupling Xz. 
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an F 


(15) 



where an = is the coupling constant of the hypercolor interaction. This is the hrst 

order correction of an- 

The scalar preons, P and N, also get their masses through the 2-loop diagrams in Fig.2. 
Since their SU{2)h charge is the same, they have the same masses given by 



( 16 ) 


This is the second order correction of an- Note that the scalar preon masses are the same 
order of the hypercolor gaugino mass. Since the scalar preons have the masses, the composite 
scalars, the scalar quarks q and t, the scalar lepton r, and the up-type Higgs boson also 
have the same soft breaking masses. We assume that their masses of the composite scalars 
are twice of the scalar preon mass, for simplicity. 

Furthermore, the gauginos in the standard model get their masses through the radiative 
correction including the preon superheld P, since it has not only SU{2)h charge but also 
Gsm charge. By 3-loop diagram Q in Fig.3, the mass is given by 



( 17 ) 


where {N = 1,2,3) is the coupling constant of the SU{N) interaction in the standard 


model 2 . This 3-loop correction is the second order for an, and the hrst for a^. 

Note that the preon and scalar preon helds play the role of ‘messenger helds’, and this 
is a new mechanism to give soft breaking masses to the standard model gauginos. At low 
energy where the preon and scalar preon are conhned, the mechanism can be understood as 


^ A similar diagram was considered by L. Randall in ref. |n.|. 


® In this calculation, the infrared divergence occurs, which means that the mass at zero momentum 
cannot be defined. We have taken Ah as the cut off parameter of the infrared divergence, since 
the preon superheld P are conhned at the energy lower than Ah- 
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the mixing between gauginos and the composite fermions in adjoint representation. This is 
a special picture of this supersymmetric composite model. 

We have shown that the soft breaking masses of the particles in the standard model 
are really generated. However, in the discussion of the electroweak symmetry breaking, the 
above perturbative estimation cannot be reliable, since the hypercolor interaction becomes 
strong at low energy. In the following, we use the masses given in eqs.(|T^) and (^) with 
a/f/dvr = 1 for order estimation. The condition mx^,mp -C Ah must be satisfied in order 
for the mechanism by Nelson and Strassler really to work at low energy. 


V. THE STANDARD MODEL SECTOR 

Let us consider the standard model sector at the scale where the preon superhelds are 
conhned by the SU {2)h interaction. The large top Yukawa coupling is generated as discussed 
in section ||. The scalar quarks {q and t), the scalar lepton (r) and the up-type Higgs boson 
have the same soft breaking masses 


rriq = mj = = mn ~ 


2mp ~ a /6 ( — ) , 


m 


(18) 


where we use eq.(^) with an/4:71 = 1. The standard model gauginos have masses as given 
by eq. (|T7|) with an 1471 = 1. Note that the ratio of the masses of two gauginos are determined 
by the ratio of two gauge coupling; 


ttixm/ttixm — an/aM , 


(19) 


where iV,M = 1,2,3. This relation is the same as obtained in the gauge-mediate model of 
ref. §. 

Furthermore, other soft breaking masses in the standard model are also induced by the 
radiative correction through the standard model gauge interaction. By the 1-loop diagram 
in Fig.4, the mass of the down-type Higgs boson H is given by 


2 *^1 

^ Svr 




Ad, 


+ mj. 


lnfl + ^ 


( 20 ) 
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The soft breaking term BHH + h.c. in the Higgs potential is also induced by the 1-loop 
diagram in Fig.5. We obtain 


5 ~ /iln , (21) 

27r \mxj 

where the ultraviolet divergence is cut off by the composite scale Afj, and we assume 

< 1 . 

By considering all the estimated soft breaking masses, the Higgs potential is given by 

V = -{^‘^ + m^)h ++ Bhh + , (22) 

where gi and g 2 are the gauge coupling constants, and h and h are the real part of the 
neutral component of H and H, respectively. Since > 0 and B < m? from eqs. (O). 
(P^), (^, and (PD with /i^ < /i|,, the condition < (/i^ -|- m|^)(/i^ -|- m?) is satisfied. 
Therefore, the electroweak symmetry cannot be broken at this level. 


VI. THE ELECTROWEAK SYMMETRY BREAKING 


We have seen that the electroweak symmetry cannot be broken in eq.(^). However, if 
we consider the radiative corrections due to the large top Yukawa coupling, the electroweak 
symmetry breaking really emerges according to the ‘radiative breaking scenario’ |^. 

Let us consider the 1-loop radiative corrections induced by the top and scalar top loops. 
The 1-loop effective potential is given by 


Hi—ioop 






dk^k 




In 1 -F 




- In 1 -F 


gfff/2' 

k^ 


(23) 


where we use Ah as a cut off parameter because of the compositeness of the top, the scalar 
top and the up-type Higgs doublet. In eq.(^), the first and second terms in the square 
brackets are given by the loop corrections of the scalar top and top quark, respectively. One 
can check Vi-ioop ^ 0 in the supersymmetric limit m? —> 0. Now, we obtain the effective 


potential 14// = V + Vi-ioop from eq.(p2|) and (p^). 


14 










In order for the electroweak symmetry to be broken, two minimization conditions, 
dVeff/dh = 0 and dVeff/dh = 0, should be satished with non-zero values of {h) and {h). 
Furthermore, these vacuum expectation values should satisfy the condition, + 
to realize the correct scale of the electroweak symmetry breaking, where v ~ 246 GeV. By 
considering this condition, two minimization conditions are described by 


dV, 


eff 


dh 


= 0 


/i^ -|- cos 2(3 + 3 tan (3 = 0, 


(24) 


and 


dV, 


eff 


dh 


= 0 


/i -|- cos 2(3 + 3 cot (3 


mt 


sim (3 


mi In 


" m? -|- mi ' 


m? In 




-|- mi 

,2/a\2 


= 0 


(25) 


where we use the dehnitions, (h) = vcos(3, (h) = vsm(3, mf = gf{hy/2 for top quark mass, 
and M| = {gf + gl)v‘^/A for Z boson mass. Note that /r < 0 is required for tan/3 to be 
positive from eqs.(^) and 

Now we show that there is a realistic solution by substituting the concrete values to 
the parameters in eqs.(p^ and (p5D. There are hve independent unknown parameters in 
the two equations: /r, mjj, m^, 3 and tan(3. These parameters are described by the six 
parameters, /i, hd, '^q) r = m/Kn and tan(3 through the eqs. (0), (0, (^), and O- 
We set the values of the four parameters as /x = —200GeV, Hd = ITeV, m^ = 20TeV, and 
r = 1000. The values of fio and have to be large enough, since there is no evidence of 
the production of the exotic colored particle. The value of r has been set as r 3> 1 to keep 
the hierarchy which is assumed in the previous section. The remaining two parameters. Ah 
and tan/3, are determined by solving the eqs.f^H) and By numerical calculation, we 

can hnd the solution 


tan/3 ~ 3.7 , An/mq ~ 9.3 x lO'^ (26) 

with 0)3 = 0.12, 0)2 = 0.033, oi = 0.017, mt = 180 GeV and v = 246 GeV. Note that 
the hierarchy mx^^mp Ah, which must be satished to work the mechanism proposed by 
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Nelson and Strassler, is realized, because of mx^ ^ mp ^ rriq -C Ah (see eqs. (p!5[) , ([T6|) and 
(p! 8 |) ). As a result, the compositeness scale is very high. 

The values of tan/3 and An/rriq are the increasing functions of \fi\ and /i£), while the 
decreasing functions of rriq and r. That parameter dependence of the solution can be seen 
analytically by the rough estimation of the solution. We regard eq.(piD as the equation to 
determine the value of tan (3. /^From eqs. ( 0 ), & and ( 1 ^), we obtain 


tan/3 ~ + mA)/B ~ —(/i^ + ra^) 


3^61 


ar 


327r2 


rriq fi ln(r) 


(27) 


where the term 1 / 2 M| cos 2/3 is neglected with /i = —200 GeV, and the logarithm in eq.f^ID 
is considered as 0(1). Substituting eq.(|^) to (pTf ), one can check the parameter dependence 
of tan /3 mentioned above. On the other hand, we obtain from eq. 


A 


H 


rria 


exp 


27r n tan /3 


3mf 1 + tarn /3 


(28) 


where the relation rri- S> /i^, M|, and B is used. The value of Ah/ rriq has the same 
dependence as tan f3, since it is the increasing function of tan /3. 

By using rriq, the mass of the gauginos in the standard model sector are given by 

x/EctH 


lOvr 


-rrig ln(r) 


(29) 


Then, we obtain the values of the masses of the gauginos for rriq = 20 TeV as 


mAg ~ SlOGeV , mx 2 ~ 220GeV , mx^ ~ llOGeV 


(30) 


These values are experimentally acceptable []K . 


VII. THE PROTON DECAY PROBLEM 

In our model there are colored Higgs superhelds D and D which may cause the proton 
decay. The baryon number violating interaction at the tree level in the hrst and second 
generations is forbidden by imposing usual U{1)b-l symmetry, under which D and D are 
singlets. On the other hand, there is another U{1)b-l symmetry in the third generation. 
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under which D and D have charge 2/3 and —2/3, respectively. This symmetry allows 
the baryon number violating interactions as the second and third terms in eq.(|^). These 
interactions may cause too rapid proton decay through the flavor mixing between the third 
and other generations which reduces these two symmetries to the unique U{1)b-l symmetry 


To discuss the problem of proton decay, we should know the quark and lepton mass 
matrices, in other words, we need a model which explains the origin of masses of all quarks 
and leptons. Although such a model is not yet constructed, we can discuss proton decay 
with some assumptions which can be reasonably expected in our model. 

In order to generate the up quark mass and the mixing between the up and top quarks, 
the following non-renormalizable interactions must be introduced in the superpotential. 




+ 


A 


H 


M„ 


Hqiu + 


A 


H 


M 


ut 


Hqit + 


^tu 

Wu 

A 


[hN] [dh]u 


H 




tu 


Hq^u , 


(31) 


where qt denotes the quark doublet in the i-th generation. Mum ^ut and Mm are parameters 
with dimension one, and we take Kuu ~ i^ut ~ Km ~ 1 in the second line. It would be able 
to assume that Muu ~ Mut ~ Mm, and the mixing angle between the up and top quarks is 
given by 

eut--(—y . (32) 

\mtJ 

The same argument is applied to the second generation, and the mixing angle between 
the charm and top quarks is given by (mc/mj^. Note that the flavor mixings are highly 
suppressed in the up-type quark sector. 


® It is possible to identify r in eq.(|5[) with a singlet heavy particle instead of the right-handed tau, 
as done in the original paper by Nelson and Strassler Q. In this case, there in no problem on the 
proton decay. 
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On the other hand, for the down-type quarks and charged leptons, we cannot obtain such 
relations, since H is the elementary particle and no higher dimensional terms are needed to 
introduce the Yukawa interactions. However, we can assume that the mixing angle between 
the down and bottom quarks is of the order of the (1,3) or (3,1) element of the Kobayashi- 
Maskawa matrix ~ 10“^ |^), since the mixing angles between the up-type quarks 

are very small as assumed above. 

Let us discuss the proton life time which is caused by the four-fermion interaction medi¬ 
ated by the colored Higgs and Higgsino. The life time is roughly described as 


r 


(33) 


where Gb is the coupling constant of the four-fermion interaction, and rrip is the proton 
mass. The experimental bound is obtained by 


Gn < 2 X 10“®^ Ge\[-^ 


(34) 


from Tp > 10'^^ yr . 

At the tree level, there are decay modes, p —>■ 'K^e^{pG) through lepton mixing and 
p —(* means off-shell), caused by the four-fermion interaction through the colored 
Higgs exchange depicted in Fig.6. For the mode p —>• Go is roughly estimated as 


G 


D 


m 


n2 qKM n 
2 ^ut "13 ^eT(fiT) , 
D 


(36) 


where 9f,r(pT) is the mixing angle between the right-handed electron (muon) and tan, and mo 
is the colored Higgs mass (note that from eqs.(^ and (18)). By substituting 

the numerical values used in section ^ and = 5 MeV, we obtain ~ 3 x 
Therefore, there is no contradiction with the experiments, if 9eT{^iT) < 10“^. In the case of 
p —>• 7r°(r+)* mode, 9eT{^iT) is replaced by the factor of the off-shell r “decay”, Gpimp/mr ~ 
10“®. We obtain the sufficiently small value, ~ 3 x 10“^®. 

At the 1-loop level, the dominant decay modes are p —>■ and p —>• 7r°(r’'')*, 

which are caused by the four-fermion interaction through the colored Higgsino exchange 
depicted in Fig.7. For the mode p —>• we obtain 
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(36) 


r “3 ^ nKM a 


eT{fj,T) 


6 X 


eT{fir) 


Here, note that the dependence on and is absent because of -C m?. This 

value of Gd is allowed, if 9eT(iiT) < 10“^. The mode p —> 7 r°(r+)* is also substantially 
suppressed, since the angle 6eT(^T) is replaced by the factor of the off-shell r “decay”. 

/^From the following argument, one can expect that the proton decay is sufficiently sup¬ 
pressed in any process. Since the baryon number violating interactions exist only in the third 
generation, the baryon number violating interactions in the hrst and second generations can 
be induced only through the flavor mixing between the third and other generations. There¬ 
fore, in any proton decay process, is always suppressed by the flavor mixing angles. The 
angles in the up-type quark sector can be extremely small as reasonably expected above. 
Moreover, the angles for the flavor mixing of the scalar particles are very small, because 
of the decoupling effect due to the heavy scalars in the third generation. The value oi Gd 
becomes very small by these small mixing angles. 


VIII. THE R-AXION PROBLEM 

In section |TT|, we assume that {Z) ^ 0 and (Y) ^ 0. This means the spontaneous 
breaking of the global U{1)d, symmetry, and the Nambu-Goldstone boson called the R- 
axion appears. Since the quark superhelds have non-zero R-charge, they couple to the 
R-axion. This coupling may cause an astrophysical or a cosmological problem, such as an 
over cooling of the red giants or a breakdown of the successful predictions from the big bang 
nucleosynthesis. We consider the possibility to avoid the problem. 

Let us introduce term into the tree level superpotential of eq.(|^). Note that the 

new term does not disturb the supersymmetry breaking. The R-charge of the superhelds 
are changed as follows. 
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mn 

V 4/3 

Z 2/3 

X 2/3 

Y 2/?, 

Note that the superhelds Q and Qi must have R-charge, because of the non-zero R-charge 
of V. Therefore, the new U{1)r symmetry is explicitly broken by the SU{2)s supercolor 
anomaly, and the light R-axion disappears. However, the generality of the superpotential is 
lost by this strategy. For example, we cannot introduce \'Y^ term, which is allowed by the 
symmetry, into the superpotential, since the term recovers the supersymmetry. 

IX. SUMMARY AND COMMENTS 

We have constructed a supersymmetric composite model with dynamical supersymmetry 
breaking. The model is based on the gauge group SU{2)s x SU {2)h x Gsm- There are three 
building blocks, namely, the dynamical supersymmetry breaking sector, the preon sector 
recently proposed by Nelson and Strassler, and the standard model sector. 

In the dynamical supersymmetry breaking sector, the non-zero vacuum expectation value 
of the F component of the gauge-singlet superheld Z arises by the non-perturbative effect 
of the SU{2)s supercolor interaction. Therefore, supersymmetry is dynamically broken. In 
addition, the scalar component of Z is assumed to have non-zero vacuum expectation value 
by the effective Kahler potential including the radiative corrections due to the massless 
gauge-singlet superheld X. The U{1)r symmetry is spontaneously broken by this vacuum 
expectation value. 

In the preon sector, the preon superhelds are conhned into the up-type Higgs in 5 and the 
superheld in 10 of SU{5) D Gsm by the non-perturbative ehect of the SU{2)h hypercolor 
interaction. The large top Yukawa coupling is dynamically generated, and it is understood 
as the exchange of the preons in the top quark and Higgs doublet. 
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The supersymmetry breaking is mediated to the preon sector and the standard model 
sector by the radiative corrections. The hypercolor gaugino gets the soft breaking mass 
through the 1-loop diagram in Fig.l, and the scalar preons also get the masses from the 2- 
loop diagrams in Fig.2. The soft breaking masses of the composite scalars, the scalar quarks 
and lepton and the up-type Higgs boson, originate from the mass of the scalar preons. The 
gauginos in the standard model get the soft breaking masses through the 3-loop diagram 
in Fig.3. It is crucial that the preon superfield P has both charges of the hypercolor and 
the standard model gauge groups, and it plays a role of the ‘messenger held’ . This is 
a new mechanism to generate the soft breaking masses of the standard model gauginos. 
Below the scale where the hypercolor interaction becomes strong, this mechanism can be 
understood as the mixing between the gauginos and the massive composite fermions in 
adjoint representation. 

This model predicts the spectrum of the soft breaking masses in the standard model 
sector. All composite scalar helds have the same soft mass, and the masses of the gauginos 
satisfy the relation of eq.(|^. All possible soft breaking masses in the Higgs potential 
are generated by the radiative correction due to the standard model gauge interactions. 
Although the Higgs potential with all the soft breaking masses cannot cause the electroweak 
symmetry breaking, the breaking is realized by the effect of the large top Yukawa coupling. 
This is the radiative breaking scenario, which originates from the dynamics of the supercolor 
and the hypercolor interactions. We have shown that the electroweak symmetry breaking 
can occur with experimentally acceptable values of the soft breaking masses in the standard 
model. 

In our model, there is the colored Higgs which is strongly coupled to quarks and lepton as 
eq.(^). It seems that the interaction causes too rapid proton decay through the flavor mixing. 
However, in according to eq. (|3TD , it can be reasonably assumed that the mixing between the 
third and other generations is highly suppressed. As a result, there is no dangerous proton 
decay. 

There is a potential R-axion problem in the model, since the non-anomalous U{1)r global 
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symmetry is spontaneously broken by the non-zero vacuum expectation value of the scalar 
component of Z. For example, this problem can be avoided by introducing the new term 
\xX^ into the superpotential of eq.(||), because this term requires to change the charge 
assignment of Since the new symmetry is explicitly broken by the supercolor 

anomaly, no light R-axion emerges. However, the generality of the superpotential is lost. 

Finally, we comment on the flavor changing neutral current between the first and second 
generations. The scalar partners in these generations can get the soft breaking masses by 
radiative corrections as in Fig.4 and/or Fig.5. Since the scalar partners with the same gauge 
charge are degenerate, the flavor changing neutral current between these two generations is 
suppressed. This feature is the same as the gauge-mediate model [^. 


APPENDIX A: THE EFFECTIVE KAHLER POTENTIAL 


We discuss the effective Kahler potential of the superheld Z generated by the Yukawa 
coupling Xz in the superpotential of eq.(^. We calculate the inhnite series of the 1-loop 
graphs, and obtain the effective Kahler potential as 


Keff = Z^Z 


A| , (XlZ^ZX 

^ In ' ^ ' 


Svr^ 


) 


(Al) 


where /i is the scale introduced by the wave function renormalization of the superheld Z. 

Then, the vacuum energy is given by 
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Eqinr 


dW 


dZ 


4 fo , 

‘2+ \n‘ ^ ' 


Stt^ 


) 


(A 2 ) 


J Z={Z) 


One may expect that the vacuum is realized at {Z) = 0, since the denominator diverges 
and E^ac vanishes. However, the 1-loop approximation cannot be valid near the origin, 
since the logarithm becomes too large in eq. ( |A1|) . Although the complete calculation seems 
to be impossible like in the non-supersymmetric massless theory discussed by Cole¬ 
man and Weinberg, we expect that (Z) 7 ^ 0 is realized. The appearance of the non-zero 
vacuum expectation value seems to be a common mechanism to solve the problem of the 
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infrared divergence connected with the singularity of the effective potential at the origin. 
Indeed, Coleman and Weinberg have shown that such mechanism really works in the non- 
super symmetric massless theory with U{1) gauge interaction in their original paper. 
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FIGURES 

FIG. 1. The 1-loop diagram for the soft breaking mass of the hypercolor gaugino. The solid 
and dotted internal lines denote the propagators of Uvi and R {i = 1,2), respectively. The crosses 
denote the insertions of F and m for the internal boson and fermion lines, respectively. 

FIG. 2. The 2-loop diagrams for the soft breaking masses of the scalar preons. The solid and 
dotted internal lines denote the propagators of ipVi and U (i = 1,2), respectively. The dashed 
internal line denotes the propagator of the scalar preon P or N. The wavy line denotes the 
hypercolor gauge boson propagator. The propagator of the hypercolor gaugino is denoted by the 
wavy line with the solid line. The crosses denote the insertions of F. 

FIG. 3. The 3-loop diagram for the soft breaking masses of the standard model gauginos. The 
solid and dotted internal lines denote the propagators of the preon ipp and the scalar preon P, 
respectively. The internal line of the hypercolor gaugino is denoted by the wavy line with the solid 
line. The dot on the propagator of the hypercolor gaugino denotes the 1-loop diagram in Fig.l. 

FIG. 4. The 1-loop diagram for the soft breaking mass of the down-type Higgs boson. The 
dotted internal line denotes the propagators of D, H, D, and H. It is not needed to consider the 
corrections of the scalar quarks and leptons, because their contributions cancel out each other. 

FIG. 5. The 1-loop diagram to generate the soft breaking term BHH + h.c. in the Higgs 
potential. The solid internal lines denote the propagators of the Higgsinos H or H. The wavy line 
with the solid line denotes the propagator of the SU{2)l gaugino or the U{1)y gaugino. Since the 
contribution of the U{1)y gaugino loop is far smaller than that of the SU{2)l gaugino, it can be 
neglected in eq.(21). 

FIG. 6. The four-fermion interaction caused by the colored Higgs exchange. D denotes the 
colored Higgs. 

FIG. 7. The four-fermion interactions caused by the colored Higgsino exchange. D denotes the 
colored Higgsino. The diagram by replacement ^ and 6^ ^ U is also possible. 
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